Early stage assays that evaluate monoclonal antibody drug-like properties serve as valuable tools for selection of lead candidates. One liability for clinical development, off-target reactivity, is often assessed by binding to a mixture or panel of noncognate proteins. While robust, these mixes are often ill-defined, and can suffer from issues such as lot-to-lot variability. In this study, we discovered in immunoprecipitation experiments that certain chaperones are present in one of these mixtures;we then explored the use of recombinant chaperone proteins as well-characterized agents to predict antibody nonspecificity. Antibody binding to the heat shock proteins HSP70, HSP90, or trigger factor all served as predictors of cross-interaction propensity, with HSP90 providing the greatest ability to predict antibody clearance rates in mouse. Individual chaperone binding correlates surprisingly closely with binding to complex cell extracts, with the exception of a few "false negatives" (assuming a complex cell extract as the "true" value). As defined reagents, these chaperone reagents present advantages for high throughput assays of nonspecificity.
The success of therapeutic monoclonal antibody (mAb) development depends both on functional target binding as well as desirable drug-like characteristics. Early stage biophysical assays, including self-association and nonspecificity evaluation, are effective tools that can save development time and costs and ensure only robust molecules are advanced into clinical stages. Early evaluation of nonspecificity, or cross-reactivity, is often assayed by binding of candidate clones to a panel of noncognate antigens, [1] [2] [3] or a mixture of proteins. [4] [5] [6] We have previously reported one of these assays, incubation of antibodies with a polyspecificity reagent (PSR) containing a membrane preparation of proteins, 5 and have shown its ability to predict systemic clearance rates of such antibodies in mice. 6 While this assay is robust, the composition of the reagent is ill-defined, leading to lot-to-lot variability in assay signal magnitude. For this reason, a single protein reagent would be an attractive replacement, in addition to potentially providing insights into the mechanistic sources of nonspecificity. In this report, we explore the use of chaperone proteins as potential single protein replacements for the PSR assay, finding heat shock protein 90 (HSP90) as a particularly good reagent with good correlation to PSR over three antibody data sets.
As a starting point to identify potential single protein candidates, we performed the immunoprecipitation of a soluble cytosolic protein (SCP) preparation from human embryonic kidney (HEK) cells using previously isolated polyreactive single-chain variable fragments (scFv) candidates expressed as scFvs on the surface of yeast. This cytosolic preparation performs nearly identically to the membrane preparation (Fig. S1) . Analysis of the resulting pool via mass spectrometry revealed multiple common high abundance proteins, including the chaperone proteins HSP70, HSP 90-b, and the 60 kDa HSP from mitochondria (complete list in Supplemental Data). While other candidate antigens were present, we hypothesized that heat shock proteins might be uniquely appropriate to use as a nonspecificity reagent due to their naturally promiscuous capacity to bind and stabilize folding or misfolded proteins. [7] [8] [9] [10] [11] To encompass a wide variety of chaperone functions, we selected one chaperone that aids in stabilization of nascent polypeptide chains (Trigger Factor, TF), one non-ribosomal early stage chaperone (HSP70), and one chaperone that aids in later stage folding (HSP90). We selected the human variant in each case except the E. coli protein TF, as the nascent chain is stabilized by a complex of proteins in eukaryotic organisms. We additionally omitted the HSP60 class of chaperones due to their natural formation into large complexes, 11 and testing of HSP40 or HSP70/ HSP40 complexes revealed promiscuous binding to all antibodies tested (data not shown).
We first assessed binding of each chaperone against a panel of IgGs isolated in a selection campaign against hen egg lysozyme (complete sequences in Supplementary Data). This panel displayed a wide range of scores on the solubilized membrane protein (SMP) assay, which correlated well to the individual chaperone binding assays (Fig. 1) . Of the chaperones, HSP90 was most closely correlated (Pearson's r D 0.97), followed by TF (Pearson's r D 0.94) and HSP70 (Pearson's r D 0.92). These high correlations are striking for labeling with three such unrelated chaperones, indicative that some physicochemical property drives the observed binding rather than highly stereospecific complex formation in the classic sense of an antibody/antigen complex.
Based on the promising initial results, we next expanded the test to a panel previously used to demonstrate correlation between the PSR assay and clearance rates in mice. 6 All three chaperone proteins correlated with mouse clearance rates, albeit slightly less than the multicomponent SMP reagent originally used (Fig. 2) . Comparing rank-correlations between clearance and the reagents, HSP90 was most highly correlated (Spearman's r D 0.65), followed by HSP70 (Spearman's r D 0.60), and finally TF (Spearman's r D 0.43). Using a receiver operator curve (ROC) analysis, HSP90 was the most predictive chaperone (ROC Area Under Curve D 0.79), while both HSP70 (ROC AUC D 0.75) and TF (AUC D 0.63) were highly specific but had a higher rate of false negatives and lower overall dynamic range (Fig. 3) . Using a median fluorescence intensity (MFI) cutoff of approximately 200, HSP90 (78% specificity, 85% sensitivity) compared well to the SMP assay at a cutoff of 500 (86% specificity, 89% sensitivity), suggesting it could serve as a good single agent replacement. At this cutoff, the sum of the true positive and true negative detection rate was maximized (13 of 16 correctly identified) and the associated maximum likelihood for the odds ratio is 21 [Fisher's Exact Test, 95% confidence interval (1.6 to 266.1)]. The exclusion of 1 in this interval implies statistical significance.
We next examined a panel of samples corresponding to mAbs in different stages of commercial development, applying the PSR assays to a set of antibodies drawn from a recent survey of biophysical properties of such samples. 12 Performance on this larger data set was reflective of the previous panel ( with an apparent higher rate of "false negatives" for each of the chaperone reagents. Comparing the reactivity profiles of the chaperones, the majority of candidates display similar binding, including the apparent false negatives (patritumab, etrolizumab). There are a few cases where an antibody preferentially binds to HSP90 (lenzilumab) or TF (brentuximab, olaratumab), suggesting that the binding modalities of the chaperones are not wholly shared.
To better understand the chaperone-negative clones in this panel, we examined clinical pharmacokinetic data where available. Patritumab, which targets the ErbB family receptor HER3, has a reported terminal half-life of approximately 9 days. 13, 14 This compares favorably to the SMP negative ErbB family inhibitors cetuximab (7 days 15 ) and panitumumab (9 days 16 ), but poorly to the HER2-targeted trastuzumab (28 days 17 ). In all these cases, target-mediated drug disposition (TMDD) plays a major role in overall clearance and may cause results from different studies and antigens to be incomparable;however, patritumab additionally performs poorly on other nonspecificity metrics including the baculovirus ELISA assay. 4, 12 Two other chaperone-negative antibodies, etrolizumab (13-15 days 18 ) and olaratumab (11 days 19 ), displayed shorter half-lives than naturally circulating antibodies, but again TMDD likely plays a major role in pharmacokinetic parameters. Considering clinical pharmacokinetics as the reference, then the SMP assay might be construed as a false positive for etrolizumab and patritumab, while each of the three chaperones provides a true negative signal. Such ambiguity motivates application of multiple complementary assays in early-stage developability testing, since no individual metric exhibits perfect predictive capability of systemic clearance rates.
Individual chaperone proteins perform surprisingly well as predictors of nonspecificity, despite being single homogeneous entities. Both HSP90 and TF correlated well to SMP, and HSP70 binding was the weakest predictor. This was consistent across each of the three antibody panels tested in this study. To assess whether SMP or SCP binding could be attributed to the presence of chaperone proteins, we estimated the quantity of HSP90 in the PSR reagents, finding no HSP90 in SMP, and approximately 80 ng per 1mg SCP (Fig. S2A, B) . This is a significant portion of the SCP, but cannot explain any observed SMP binding. This suggests that the chaperone-antibody interaction resembles that of the SMP-antibody binding interaction. As the panel of hen egg lysozyme and clinical antibodies (Figs. 1 and 3 ) all have human IgG1 constant sequence, chaperone binding presumably occurs through sites within the variable domain. We originally hypothesized that chaperones may perform better as a nonspecificity reagent than an average protein due to their ability to bind and stabilize partially misfolded structures and hydrophobic regions, and it appears that this is indeed the case, with a broader binding profile than other individual proteins.
1,2 A cocktail of chaperones may perform even better than a single reagent while still allowing for a defined reagent that can be reproducibly manufactured or obtained from commercial sources.
Materials and methods

Yeast display immunoprecipitation and mass spectrometry
All immunoprecipitations were conducted using the yeast display immunoprecipitation technique as described previously. 20, 21 Briefly, 3 £ 10 9 yeast expressing previously isolated nonspecific scFv clones were prepared by standard yeast display techniques, 22, 23 and first fixed for one hour using 3% w/v formaldehyde in phosphate-buffered saline (PBS) at room temperature. Next, clones were briefly washed once using PBS, followed by incubation in 1 mg/mL SCP from HEK 293 cells overnight at 4
C. Cells were pelleted, washed, and bound protein was eluted using 50 mL 0.2 glycine-HCl solution (pH 2.0) and precipitated using trichloroacetic acid. Proteins were subsequently resolubilized in 8 M urea, then reduced with dithiothreitol, alkylated with iodoacetamide and digested with trypsin overnight. Samples were desalted with Millipore C18 Ziptips, then the proteolytic peptides were analyzed via liquid chromatography-mass spectrometry performed on a Thermo LTQ mass spectrometer with an Agilent 1100 series Nanoflow HPLC system. Proteins present in the sample were identified by database search using the Mascot database search software. The data was searched against all human protein sequences present in the Swissprot protein database.
Production of Chaperone proteins
All chaperones were expressed as fusion proteins containing an N-terminal 6x-His tag followed by small ubiquitin-like modifier (SUMO) and the chaperone using the pE-SUMO vector (LifeSensors, Malvern, PA). Proteins were expressed and purified as described previously using TALON metal affinity resin (Clonetech). 24 Chaperone sequences were amplified from alternate expression plasmids using primers specific to the N and C-termini with proper 5 0 extensions to allow for cloning into the pE-SUMO vector (Fwd: CAGGTCTCAAGGT, Rev: GTTCTAGATTATTA). HSP90 was a gift from William Sessa (Addgene plasmid #22487), 25 pcDNA5/FRT/TO HSPA1A was a gift from Harm Kampinga (Addgene plasmid #19456), 26 and pNIC28-Bsa4-TF was a gift from Brian Smith (Addgene plasmid #61689).
Antibody reagents
Anti-hen egg lysozyme antibodies were discovered and produced as human IgG1 using the Adimab yeast platform. All clinical stage antibodies except golimumab were expressed as human IgG1 isotype and produced as described previously. 12 Golimumab was obtained from myoderm.com.
Chaperone and PSR binding assay
Chaperone and polyspecificity reagent binding were measured as described previously for the PSR assay. 5 Briefly, SCP and SMP fractions were prepared from Chinese hamster ovary (CHO) or HEK293 cells. SCP, SMP, and recombinant chaperones were biotinylated with NHS-LC-Biotin reagent (Pierce, ThermoFisher Cat#21336). For binding assays, either 1 mM recombinant chaperone protein or the SCP or SMP polyspecificity reagent was incubated with IgG-presenting yeast. Unbound chaperone or polyspecificity reagent was removed by washing and samples were incubated with a secondary labeling mix (Extravidin-R-PE, goat F(ab')2 anti-human kappa-FITC (Southern Biotech catalog #2062-02), and propidium iodide). Following labeling, samples were analyzed for chaperone or polyspecificity reagent binding using a FACSCanto (BD Biosciences) with HTS sample injector. Binding was determined by analyzing the MFI in the R-PE channel from the flow cytometry data. All measurements were made in triplicate. Complete data, including MFI for all panels against all nonspecificity reagents, can be found in Supplemental data.
Quantitation of HSP90 in PSR reagents
To provide an estimate of the amount of HSP90 in the SCP and SMP reagents, a standard curve of purified HSP90 was prepared, along with dilutions of both SCP and SMP. Known masses of each protein or mixture were loaded onto a Novex NuPAGE 4-12% Bis-Tris protein gel (Life Technologies) for SDS-PAGE analysis. Gels were either developed by silver staining using the Pierce Silver Stain Kit or transferred to a nitrocellulose membrane using the iBlot 2 dry blotting system (Life Technologies) for western blot analysis. For western blots, membranes were first blocked using 5% nonfat milk for two hours, followed by addition of mouse anti-HSP90 (1:100, Novus NB100-1972) overnight. Membranes were washed and subsequently incubated in HRP goat anti-mouse (1:3000, Biolegend 405306) secondary antibody for one hour. Membranes were washed and bands were detected using SuperSignal West Pico PLUS Substrate (Thermo). To estimate quantity of protein, ImageJ was used to quantify intensity of bands and a standard curve was fit in Graphpad Prism. The curve was subsequently used to interpolate quantity of HSP90 in both SMP and SCP reagents.
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